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This work started as part of an investigation into the mecha-
nisms by which fine zirconia aqueous dispersions can be pro-
cessed for ceramic materials engineering. Aqueous dispersions of
TZ3Y fine zirconia particles obtained by dispersion of dry pow-
der in acidic solutions (pH 3) have been subjected to compres-
sion through osmotic experiments. The results show a behavior
that is unusual when compared with the classical behavior of
colloidal dispersions. Indeed, the 50 nm particles are well dis-
persed and protected from aggregation by electrical double lay-
ers, with a high zeta potential (60–80 mV). Yet, during osmotic
compression, the dispersion goes from a liquid state to a gel state
at a rather low volume fraction, /5 0.2, whereas the liquid–
solid transition for repelling particles is expected to occur only
at /5 0.5. This early transition to a state in which the disper-
sion does not flow may be a severe drawback in some uses of
these dispersions, and thus it is important to understand its
causes. A possible cause of this early aggregation is the presence
of a population of very small particles, which are seen in osmotic
stress experiments and in light scattering. We propose that ag-
gregation could result from the compression of this population,
through either of the following mechanisms: (a) An increase in
pressure causes the small particles to aggregate with each other
and with the larger ones or (b) An increase in pressure induces a
depletion flocculation phenomenon, in which the large particles
are pushed together by the smaller ones.
I. Introduction
THE stability of concentrated colloidal dispersions is an im-portant parameter for their processing in many industrial
products. In ceramic engineering, materials with a high densifi-
cation can be obtained by processing colloidal sols. Still, there
are problems when interactions between particles are improperly
controlled. In ceramic manufacturing, crack-free inorganic
films, screen printing, or direct assembly techniques for instance
require the processing of high solid content dispersions. There-
fore, a growing number of studies are addressing the behavior of
concentrated suspensions. Because of their large surface area
and surface properties, submicrometer particles tend to form
agglomerates that give rise to flaws in the final product, causing
reductions in strength or reliability.1
Fine zirconia powder, especially doped with dissimilar oxides,
has a high probability of aggregation, because of unavoidable
hydratation reactions in aqueous solutions and an attractive
Van der Waals force.2 By carefully controlling the inter-particle
forces, it might be possible to avoid or limit these aggregates.
This is achieved by the introduction of a repulsive force into the
system such that it outweighs the attractive force. In colloid
chemistry, there are several methods of imparting stability to
particles so that they do not aggregate. The first involves ion-
ization on the particle surfaces. These surface groups, which can
be negatively or positively charged depending on the pH, attract
or repel counterions or co-ions in the solution to form an elec-
trical double layer near the particles surface. The overlap of two
electrical double layers leads to repulsions between particles and
hence stabilization according to the DLVO theory.3 However,
when dispersed in pure water, yttrium-stabilized zirconia has an
iso-electric point (IEP) near pH 8, which results in a very low
surface charge under conditions of low ionic strength or else
high ionic strength at pH values where the surface charge is high.
In either case, the colloidal stability is expected to be limited.
The second method of imparting stability is to adsorb polymers
onto the particle surface.4–6 This physically prevents the two
particles from coming close enough to each other for the attrac-
tive force to dominate. When polymers on two particles overlap,
there is a repulsive force due to osmotic pressure and elastic
components. More recently a different route was proposed that
consists in the addition of highly charged nanoparticles to nearly
uncharged microspheres to prevent their natural aggregation.7
The aim of this paper is to examine the influence of an elec-
trostatic stabilization on the behavior of concentrated aqueous
zirconia dispersions. In the first step, we characterized the elect-
rokinetic properties of the particles when dispersed in acidic so-
lutions. Then we used osmotic compression measurements and
rheological measurements to measure the efficiency of this pro-
tection when the dispersions are concentrated, i.e. the particles
are brought close together. We determine the volume fractions
where the system undergoes the liquid–gel and gel–solid transi-
tions and compare them with those of the hard sphere system.
This provides a view of the mechanisms by which dispersion is
promoted and of mechanisms that control the stability when the
dispersions are concentrated.
II. Experimental Procedure
(1) Materials
(A) Zirconia Powder: The source of yttria-doped
zirconia was a well-characterized high-purity grade zirconia
powder ZrO2 doped with 3 mol% Y2O3 (Tosoh Manufacturing
Co., TZ3Y Ltd, Tokyo, Japan). It has a BET surface area of
15 m2/g and a density of 5.5 g  cm3. Examination of powder
through transmission electron microscopy revealed that the pri-
mary particle size is around 50 nm. However, primary particles
are organized in large aggregates with polydisperse sizes up to a
few micrometers (Fig. 1). These aggregates are held together by
very strong forces and do not spontaneously break up when they
are dispersed in water.
Zirconia powder was dispersed in an aqueous acetic solution
(CH3COOH) or nitric solution (HNO3). In some cases, pH or
ionic strength was adjusted by NaOH or NaNO3. These reagents
were obtained from Aldrich (Saint Louis, MO). All preparations
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were made with MilliQ
s
(Millipore Corp, Bedford, MA) water.
Dispersions were first stirred for an hour. Aggregate break-up
was further promoted with an ultrasonic probe at 450 W for
120 s for a volume of 200 mL. With this procedure, suspensions
containing up to 50% zirconia by weight (7% by volume) were
prepared.
(2) Methods
(A) Electrokinetic Mobility: Electrophoretic mobility
measurements were carried out using a Zetasizer3000 (Malvern)
and converted to zeta potential. To check reproducibility, three
samples were taken and six measurements were performed on
each sample.
Measurements were made in diluted suspensions (solid con-
tent 0.05% zirconia by weight). Corrections for particle aver-
aged dynamic mobility were performed using the software based
the thin double-layer treatment.
(B) Particle Size Distribution: Particle size distribution
was measured using a Zetasizer3000 (Malvern, Malvern Instru-
ments, Worcestershire, U.K.). Measurements were made in di-
lute suspensions of solid content 0.05% zirconia by weight.
Aliquots were prepared using the same solution as that used for
the dispersion of the powder. Using this technique, we only
characterize particles larger than 10 nm.
(C) Colloidal Stability: When using acetic or nitric so-
lutions to disperse zirconia powder, specific ion adsorption on
the surface of the particles may affect the colloidal stability. For
most samples, colloidal stability could be easily determined vi-
sually, but assessment of the aggregation rate of the suspensions
was preferred for better accuracy. To investigate the stability of
the dispersions, we monitored the diameter of the dispersions
over 90 min after sodium nitrate (NaNO3) was added.
(D) Osmotic Compression: The application of a solution
of high osmotic pressure on a dialysis bag containing a suspen-
sion of particles produces an osmotic stress on the suspension,
which in turn induces the displacement of water molecules from
the inside to the outside of the dialysis bag. This displacement of
water molecules occurs naturally to counterbalance the differ-
ence in osmotic pressure taking place between the two compart-
ments separated by the dialysis membrane. Using this process, it
is expected that the suspension entrapped in the dialysis bag will
be concentrated until an osmotic equilibrium is reached from
both sides of the dialysis membrane.
For osmotic stress experiments, a volume of the dispersion
(40 mL) was introduced in a dialysis bag (Spectra Por
s
Biotech
membranes MWCO 15000, Spectrum Laboratories, Rancho
Dominguez, CA) and dialyzed against solutions of PEG 35000
at concentrations varying from 5 to 80 g/L prepared in the same
acetic or nitric solutions as the dispersions. Dialysis was per-
formed at room temperature (201C). At the end of the dialysis,
the concentrated dispersion of particles was collected from the
dialysis bag and the solid content was measured using a the-
rmogravimetric apparatus (Mettler Toledo, Viroflay, France).
The final osmotic pressure was calculated from the final PEG
concentration analyzed by TOC measurements. All prepara-
tions were made with MilliQ
s
water.
The osmotic pressure, P, of PEG 35000 solutions can be rep-
resented by a polynomial function of the PEG concentration, c,
in wt%8
For c (wt%) in the range 1o c o 20
log P ¼ aþ b½PEGc (1)
with a = 0.49, b = 2.5, c = 0.29
According to this equation, the osmotic pressures applied in
this work on the particle suspensions ranged from 0.5 to 400 kPa,
using solutions containing 1–20 wt% of PEG.
(E) Rheology: Several rheological measurements were
performed depending on the information required. In the first
one, the measurements were made under small deformation
such that the structure in the dispersion was not much disturbed
from its equilibrium conditions (dynamic measurements). These
measurements were informative for analyzing the structure of
the system and the interactions between the particles. The sec-
ond procedure involved measurements at a relatively large de-
formation, i.e. steady shear. The results were relevant for the
system under flow conditions (steady-state measurements).
Steady shear and dynamic measurements were carried out
using a Physica Anton Paar (MCR-300, Anton Paar GmbH,
Graz, Austria)-controlled stress rheometer, with a smooth cone-
plate geometry with a diameter of 50 mm and a cone angle of 11.
All measurements were carried out at 201C. Samples were cov-
ered with oil to prevent evaporation.
Stress sweeps were conducted at an angular frequency of 0.1 s
(0.6 Hz) to determine the rheological parameters as a function of
the strain amplitude (0.01%–100%). This enabled us to obtain
the viscoelastic region where the storage modulus G0 and loss
modulus G00 were independent of the applied strain. For steady-
state measurements, shear stress versus shear rates were pro-
duced in a shear range between 10 and 2000 sÿ1 by increasing
the shear rate in steps and then decreasing it. The measuring
program was repeated twice for each sample to check repro-
ducibility. Apparent viscosity data at a shear rate of 108 sÿ1
were used as the basis for comparing the different formulations.
(F) Redispersion: Some of the samples that were sub-
jected to osmotic compression went through a sol–gel or a gel–
solid transition. In order to assess the reversibility of these
changes, redispersion experiments were performed. They con-
sist in dispersing a known amount of concentrated samples in
20 mL (to reach a solid content of about 0.05% zirconia by
weight). The particle size distribution was then measured to as-
sess the size of aggregates remaining in the dispersion.
III. Results
(1) Electrokinetic Properties of Yttria-Doped Zirconia
Powders
The z values of TZ3Y powder dispersed in nitric acid and acetic
acid at various pH are given in Fig. 2. Also given are the zeta
potential data for TZ3Y dispersed in water for pH adjusted with
sodium hydroxide (NaOH) in the range 8–12. As expected, for
TZ3Y zirconia powders dispersed in water,9 the IEP value is in the
pH range 7–8. The z values of TZ3Y powder dispersed in nitric
acid are nearly constant in the pH range 3–6 and 5145 mV
(1/ÿ5 mV), whereas the z values of TZ3Y powder dispersed in
acetic acid gradually increase for the same pH range, up to a value
of 180 mV (1/ÿ5 mV) at pH 3.
As no background electrolyte was added in these experi-
ments, the molar concentration of ions for both systems can be
easily deduced from the concentrations of acids or bases added
to the solution. At pH 3, the molar concentrations of
CH3COO
ÿ and NO3
ÿ are both equal to 0.001M. These count-
Fig. 1. Transmission electron microscopic (TEM) image of Tosoh
TZ3Y powder.
erions are attracted to the particle surfaces and screen their sur-
face charges. The behavior of the counterions near the surfaces
also depends on their sizes: the size of CH3COO
ÿ is significantly
larger than the size of NO3
ÿ. Because of this size difference,
CH3COO
ÿ counterions may pack less densely in the Stern layer
near the particle surfaces, compared with NO3
ÿ. Consequently,
they may be less efficient at screening the surface charges, re-
sulting in higher values for the measured electrokinetic potential.
(2) Particle Size Distribution
Experiments on the dispersion of dry alumina particle aqueous
solutions have been discussed in previous works.10 They dem-
onstrate that the dispersion is controlled by a change in the bal-
ance of interparticle forces. In the dry powder, alumina particles
are separated by thin films of adsorbed water and held together
with Van der Waals forces. After immersion in water, repulsive
forces (ionic pressure and hydration) cause redispersion if the
net adhesion force becomes nearly zero. Based on the electro-
kinetic measurements presented above, we chose to disperse the
powder at pH 3 where z values are at least equal to140 mV for
both acidic solutions.
The dispersion of the powder was monitored by PCS (Mal-
vern Zetasizer 3000, Malvern Instruments, Worcestershire,
U.K.). A fine particle size, close to the primary particle size of
powder, is associated with a fully dispersed suspension. The re-
sults obtained for the dispersion of powder in nitric and acetic
solutions show two populations: elementary particles (80 and
50 nm, respectively) and small aggregates (180 nm) probably
composed of three to four primary particles (Fig. 3). Increasing
the ultrasonic power or the time of irradiation caused a decrease
in the efficiency due to an increase in the temperature. The re-
sults show a better efficiency when acetic solution is used for
dispersion. This can be attributed to the large size of CH3COO
ÿ
ions; when they condense near the particle surfaces, they form a
more extended Stern layer compared with NO3
ÿ ions. The sur-
faces are then separated by a larger minimal distance, which is
favorable for the redispersion.
(3) Colloidal Stability
To investigate the colloidal stability of dispersions, we moni-
tored over 90 minutes the diameter of the dispersions after so-
dium nitrate (NaNO3) was added.
In Fig. 4, we plotted the mean particle diameter given by PCS
measurements (Zetasizer3000) as a function of time for TZ3Y
powder dispersed in 0.001M acetic acid and for increasing con-
centrations of sodium nitrate NaNO3. Assuming that the num-
ber of particles in the dispersion at a time t is related to the mean
particle size according to
nt ¼ n0
at
a0
 1=Df
(1)
where nt is the number of particles at t, n0 is the initial number of
particles, a is the mean size at t, a0 is the mean size at t5 0, and
Df the fractal dimension of aggregate (approximated to 2), we
determine the rate of aggregation k using the following equa-
tion:
k ¼
d 1
nt
 
dt
(2)
Stability ratios W (W5ÿlog(1/k)) were then plotted in
Fig. 5, for TZ3Y powder dispersed in nitric acid and acetic acid.
A minimal concentration of 0.01M of sodium nitrate NaNO3
is required for reducing the repulsive barrier. After addition of
sodium nitrate, the stability steeply decreases as a function of
ionic strength in the range 0.01–0.1M. It then reaches a plateau
(the stability no longer depends on ionic strength) above a crit-
ical coagulation concentration (CCC) of 0.025M. (Note that the
fractal dimension here does not impact the determination of the
CCC). The experimental value of the CCC compares very well
with the theoretical value of 0.022M for the CCC estimated
from DLVO theory for the interactions between spheres of
equivalent radii11
CCC ¼ 3:9 10ÿ39
g4
A2z6
where g ¼ tan h
zez
4kBT
 
(3)
where z is the zeta potential (V); A is the Hamaker constant,
A5 7.23 10ÿ20 J for 3Y–ZrO2; z is the ion valency; and e is the
electronic charge (1.60 10ÿ19 C).
Fig. 2. Zeta potential versus pH for the TZ3Y powder in (filled
squares) acetic acid, nitric acid (open circles), and sodium hydroxide
(filled triangles).
Fig. 3. Particle size distribution of TZ3Y (pH 3) dispersed in nitric acid
and acetic acid with ultrasound.
Fig. 4. Kinetics of aggregation for TZY powder dispersed in nitric acid:
mean diameter measured by PCS versus time for increasing concentra-
tion of NaNO3.
(4) Osmotic Compression
Dispersions prepared in nitric and acetic acid have been dialyzed
against PEG solutions as described in the previous section. The
osmotic stress method was used to produce highly concentrated
samples that could not be prepared by the ultrasonic method
and also to better characterize the surface–surface interactions
when the distance between the particles is reduced. Figure 6
gives a logarithmic representation of the osmotic pressure versus
volume fraction (or surface–surface distance) for the two sys-
tems.
Three separate regimes can be clearly distinguished. At a low
volume fraction (smaller than 0.10), the osmotic pressure in-
creases with the solid content. Visual inspection of the samples
in the dialysis bag indicates that the samples are still in the liquid
phase. At an intermediate volume fraction in the range 0.18–
0.45, a transition occurs toward a regime with a very small slope,
almost forming a plateau. Visual inspection of the samples at
this stage reveals that the system crossed the liquid–gel transi-
tion. The samples had an iridescent gel texture. At a high vol-
ume fraction (higher than 45%), a strong resistance to
compression is present, leading to a large slope of the pressure
versus volume fraction. At this point, visual inspection indicates
that the system entered a solid paste domain. The samples had a
noncohesive granular texture. Quantitative viscosimetric and
viscoelastic measurements were carried out on liquid and gel-
like samples. Results are presented in the next section. For sam-
ples obtained in the paste solid domain, standard rheological
tests could not be performed.
Data points are not significantly different when different
counterions are used. Therefore, the nature of the counterions
does not seem to considerably influence the osmotic pressure of
the dispersions of zirconia particles at least in the gel and the
solid regime.
In order to further assess the contribution of electrostatic in-
teractions to the osmotic pressure, the screening length was var-
ied using a 0.01M (NaNO3) concentration in the dialysis
reservoir and in the dialysis bags. The value of the osmotic
pressure was chosen to be well in the second regime within the
apparent plateau. By reducing the screening length, the effec-
tiveness of the potential barrier was decreased. Under such con-
ditions, only two regimes were distinguished: the ‘‘liquid
regime’’ and the ‘‘paste’’ regime.
(5) Viscoelastic Measurements
Figure 7 shows the storage and loss moduli (G0, G00) as a func-
tion of strain amplitude at 0.6 Hz for concentrated acetic and
nitric dispersions collected in the two different regimes: the
‘‘liquid’’ phase and the ‘‘gel’’ phase. For dispersions in the gel
phase (volume fraction in the range 0.18–0.45), storage moduli
in the range of 2000–3000 Pa are measured at low strains, trans-
forming into a low liquid modulus at high strains. For disper-
sions in the liquid phase (volume fraction lower than 0.18),
storage modulus was negligible. Again, data do not indicate a
specific influence of the nature of the counterion on the structure
of the dispersion in the gel regime.
(6) Viscosimetric Measurements
Steady-state flow curves obtained for dispersions up to a volume
fraction of 0.10 show a Newtonian behavior and apparent vis-
cosity was directly deduced from flow curves. For more con-
centrated samples, a shear thinning regime was observed. In
these cases, apparent viscosity was determined for a given shear
rate of 108 sÿ1. Figure 8 shows the values of the apparent vis-
cosity versus volume fraction for dispersions prepared with ace-
tic acid. We noted the quantitative agreement between the
results and the Krieger–Dougherty model for volume–fraction
dependence of the viscosity of dense spheres.3 Data were fitted
with a maximum packing fraction fm5 0.2 and [Z]5 5.
(7) Redispersion
The redispersion of samples compressed in the plateau regime
was followed by granulometric measurements for conditions
where no salt was added. The results show a broader size dis-
tribution compared with the size distribution observed for initial
dispersion (Fig. 9). Indeed, after osmotic stress, the distribution
shows an increase in the proportion of aggregates in a size range
of 300 nm. Still, only a fraction of primary aggregate particles
were aggregated during compression, which indicates that under
such conditions the repulsive potential barrier is effective.
Fig. 5. Stability ratio for Tosoh TZ3Y dispersed in nitric (circles) and
acetic (squares) acid solutions (pH 3). Ionic strength was adjusted by
addition of NaNO3.
Fig. 6. Osmotic compressions of Tosoh TZ3Y powder dispersed in ni-
tric (circles) or acetic solutions (squares). The vertical axis refers to the
osmotic pressure measured after 7 days of equilibration pressure and the
horizontal axis refers to the volume fraction. Continuous lines represent
pressures calculated from Eq. (5) using different particle sizes.
Fig. 7. Plots of elastic and loss modulus of compressed dispersions ob-
tained in the liquid and gel (plateau regime) versus strain at a given fre-
quency 0.6 Hz (AC refers to zirconia powder dispersed in acetic solution
and HNO3 to zirconia powder dispersed under nitric conditions).
IV. Discussion
The results presented above show a behavior that is unusual
when compared with the classical behavior of colloidal disper-
sions. Indeed, the particles are well dispersed and protected from
aggregation by electrical double layers, with a high zeta poten-
tial (60–80 mV). Yet, during osmotic compression, the disper-
sion goes from a liquid state to a gel state at a rather low volume
fraction, f5 0.2, whereas the liquid–solid transition for repel-
ling particles is expected to occur only at f5 0.5. This early
transition to a state in which the dispersion does not flowmay be
a severe drawback in some uses of these dispersions and thus it is
important to understand its causes. In the following discussion,
we examine the successive stages of the compression of the dis-
persions, which are shown in Fig. 6: the liquid regime (up to
f5 0.2), the liquid–gel transition, the gel range (0.2ofo0.4),
and the paste range (beyond f5 0.4).
(1) The Liquid Regime
At low applied pressures (400–4000 Pa), the osmotic pressure
and the volume fraction of zirconia are proportional to each
other (Fig. 6). This is Van’t Hoff’s law for the osmotic pressure
from noninteracting species. Accordingly, in this regime, the re-
sistance to compression originates from species that are suffi-
ciently dilute that they do not interact (perfect gas behavior).
However, in this range of volume fractions, the pressure from
the main population of zirconia particles (mean radius 50 nm)
should be only 4–40 Pa, which is 100 times lower than the mea-
sured pressures. Therefore, the measured pressures must origi-
nate from other particles, much more numerous, and therefore
necessarily much smaller than the zirconia particles in the main
population. The number of these particles must be such that
they produce high osmotic pressures, and their sizes must be
such that they do not cross the dialysis membranes used in the
osmotic stress experiments (otherwise, they would not contrib-
ute to the osmotic pressure). For instance, a population of par-
ticles with a mean radius of 2 nm and a volume fraction that
would be 1/20 of that of the main population would produce the
pressures that have been measured in the liquid regime.
Regarding the presence of very small nanoparticles, we may
consider the solubility of the ZrO2 under acidic conditions and
elevated temperature. Its is well known that Zr4+ ions can
peptize into larger species of 20–40 metal atoms with oxygen
bridging. The experimental processing with ultrasonication may
be a route to the formation of these types of species, which could
be the source of the high osmotic pressures and zeta potential
values at the interfaces. We have attempted to characterize this
population by physical separation of the large and small parti-
cles. Centrifugation at 3000 rpm for 1 h produces a supernatant
that is completely clear. In quasielastic light scattering, the in-
tensity of light scattered by this supernatant is three times that of
water. The self-correlation function of the scattered intensity
can be fitted with combinations of particle sizes that are in the
1–5 nm range. However, a more precise characterization of
these small particles would require a small-angle X-ray or a
neutron scattering experiment.
(2) The Gel State
When the applied pressure reaches 4000 Pa, the liquid dispersion
becomes a gel. This transition is evident in mechanical measure-
ments, because the dynamic measurements give a storage mod-
ulus that is higher than the viscous modulus (Fig. 7) and the
steady shear viscosity diverges (Fig. 8). Yet, because the volume
fraction is still rather low (f5 0.2), there is plenty of room for
the particles to move about. If particles are unable to move, it
must be that they are bound to each other, i.e. aggregated.
At first glance, it is surprising to find aggregation at such low
volume fractions. Indeed, the ionization of the zirconia surfaces
produces electrical double layers that must produce strong inter-
particle repulsions. We have calculated the free energy for a pair
of particles according to the DLVO theory, for spherical particles
with a diameter of 50 nm, with an electrical surface potential that
is equal to the measured zeta potential (Fig. 10) and taking into
account the Van der Waal attractions between particles, charac-
terized by the Hamaker constant of zirconia, which is 17 kT2.
This interaction free energy was calculated through Eq. (4):
GDLVO ¼ GEDL þ GVdW
¼ 32pe
kT
ze
 2
ag20 expðÿkhÞ ÿ
Aa
12h
(4)
where e is the dielectric constant of the liquid, kT the energy of
thermal agitation, ze the electrical charge of the counterions,
a the particle radius, h the separation between particle surfaces,
k the Debye screening length, and g0 is a function that depends
on the surface electrical potential c0 of the particles according to
g0 ¼ tan h
zec0
4kT
 
(5)
The variation of the interaction free energy with the separa-
tion of two particles is shown in Fig. 10. It is strongly attractive
at very short distances, due to the very strong Van der Waals
attractions between particles. But at large distances there is a
strong repulsive barrier due to the overlap of the electrical dou-
Fig. 8. Experimental data (filled squares) for the viscosity of disper-
sions as a function of volume fraction measured at a shear rate of
g5 108 sÿ1 for zirconia powder dispersed in acetic acid. Theoretical
values (dashed line) of Z(F) from the Krieger–Dougherty model fitted
with Fm5 0.2 and [Z]5 5.
Fig. 9. Redispersion tests: particle size distribution of dispersion com-
pressed in the plateau regime after redispersion in water.
ble layers. Because the height of this barrier is 75 kT, it should
prevent particles from approaching each other and thus aggre-
gation should not occur at volume fractions as low as f5 0.2,
where the interparticle distances are on the order of 100 nm, well
beyond the repulsive barrier.
On the other hand, aggregation could result from the com-
pression of the small particles, through either of the following
mechanisms.
(a) The increase in pressure causes the small particles to ag-
gregate with each other and with the larger ones. Indeed, the
electrical double-layer repulsions of very small particles are
much smaller than those of the larger ones. We have calculated
the interparticle pair interaction free energy of very small spher-
ical particles with a diameter of 4 nm, and the same zeta po-
tential and Hamaker constant as for the larger ones. The
variation of this interaction free energy with the separation of
two small particles is shown in Fig. 10. In this case, the height of
the repulsive barrier is only 6 kT, which is not enough to prevent
aggregation altogether. Similarly, the interaction free energy for
a small particle interacting with a very large one (modeled as a
half-plane) only has a weak repulsive barrier. The mechanism of
aggregation would then be as follows: osmotic compression
would increase the collision rate of small particles, to the point
where aggregation proceeds slowly. The aggregates of small
particles would then form a network that would trap the larger
ones and prevent flow in the dispersion.
(b) The increase in pressure induces a depletion flocculation
phenomenon, in which the large particles are pushed together by
the smaller ones. This depletion flocculation mechanism is well
known to occur in two-component systems such as latex disper-
sions containing excess water-soluble polymers12 and emulsions
containing excess surfactant.13 Indeed, if the larger particles re-
pel the smaller ones, the space between two larger particles is
excluded to small particles. The free energy of the system is then
lowered if the large particles are pushed together so that this
excluded volume is reduced. The larger particles would then
form loosely connected aggregates that would restrict flow in the
dispersion. They would not be in the primary minimum of the
DLVO interaction (this is still prevented by a very high (60 kT)
barrier, but they would nevertheless be stuck to each other by an
adhesive force that leads to the following adhesion free energy:14
Gdepletion ¼ ÿPD
2:2pa ð6Þ
where P is the applied osmotic pressure, D the thickness of the
layer around a large particle that is excluded to small ones, and
a the radius of the large particle. With P5 2000 Pa, D5 10 nm,
and a5 40 nm, this yields Gdepletion5 12 kT, which is enough to
produce aggregation.
These two mechanisms may have different consequences for
the state of the dispersions. Mechanism (a) would produce per-
manent aggregates of the smaller particles, so that the concen-
trated dispersion would not redisperse spontaneously upon
dilution. Mechanism (b) would not produce any permanent ag-
gregates, and therefore the aggregates of large particles would
redisperse spontaneously upon dilution. The results presented in
Fig. 10 indicate that a substantial fraction of the large particles
do redisperse upon dilution, but that some aggregates remain
permanently. Hence, it may be that both mechanisms (a) and (b)
take place in succession. A good way to distinguish between
these mechanisms would be to provide some steric stabilization
to all particles: then mechanism (a) would disappear while mech-
anism (b) would still operate.
(3) The Paste Regime
When the applied pressure reaches 10 000 Pa, the volume frac-
tion remains blocked at about f5 0.4, and the dispersion be-
comes a granular solid: when it is subjected to mechanical stress,
it responds with fractures instead of plastic flow. This behavior
indicates that most particles are aggregated, and that the aggre-
gates resist the forces exerted by compressive stress or by shear
stress. Indeed, redispersion experiments indicate that a growing
fraction of particles can no longer be redispersed by dilution
alone, and therefore must be aggregated (Fig. 9). This may be an
effect of the high volume fraction that has been reached in this
state: because the particles have nonspherical shapes, it is pos-
sible that some of them have been forced to come into direct
contact at an earlier stage (f5 0.4) than would be the case for
spherical particles (f5 0.64 for a random packing of spheres).
V. Conclusion
This work started as a part of an investigation into the mech-
anisms by which fine TZ3Y zirconia aqueous dispersions can be
processed for ceramic materials engineering. Generally, inter-
particle attractions due to very strong Van der Waals forces tend
to induce spontaneous aggregation and stand in the way of the
processing of submicrometer dispersions. The results obtained
in this work show a behavior that is unusual when compared
with the classical behavior of colloidal dispersions.
In dilute dispersions, the 50 nm particles are well dispersed
and protected from aggregation by electrical double layers, with
a high zeta potential (60–80 mV). Yet, during osmotic compres-
sion, the dispersion goes from a liquid state to a gel state at a
rather low volume fraction, f5 0.2. At the same time, the os-
motic pressure increases to values that are much higher than the
pressures expected for a dispersion of 50 nm particles at these
volume fractions. These high pressures must originate from a
population of very small particles (diameters between 3 and
10 nm) that coexist with the larger ones. We propose that ag-
gregation could result from the compression of this population,
through either of the following mechanisms: (a) aggregation of
small particles that have a low colloidal stability, and formation
Fig. 10. (a) Free energy of interaction for a pair of large (50 nm) zir-
conia particles, calculated according to Eq. (4) with an electrical surface
potential of 60 mV and a Hamaker constant equal to 17 kT. (b) Free
energy of interaction for a pair of small (radius 4 nm) zirconia particles,
calculated according to Eq. (4) with an electrical surface potential of 60
mV and a Hamaker constant equal to 17 kT.
of a network of aggregates that would block flow in the disper-
sion and (b) aggregation of large particles through a depletion
attraction caused by the exclusion of small particles in their vi-
cinity.
Regarding the presence of very small nanoparticles, we may
consider the solubility of the ZrO2 under acidic conditions and
elevated temperature. It is well known that Zr4+ ions can
peptize into larger species of 20–40 metal atoms with oxygen
bridging. The experimental processing with ultrasonication may
be a route to the formation of these types of species, which could
be the source of the high osmotic pressures and zeta potential
values at the interfaces. A precise characterization of these small
particles would require small-angle X-ray or neutron scattering
experiments. If this analysis is confirmed, it would favor pro-
cessing methods in which only the main population of large
particles is compressed and the small ones are evacuated.
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